Epitaxial layers of Ge 1Àx Sn x with Sn compositions up to 18.5% were grown on Ge (100) substrates via solid-source molecular beam epitaxy. Crystallographic information was determined by high resolution x-ray diffraction, and composition was verified by Rutherford backscattering spectrometry. The surface roughness, measured via atomic force microscopy and variable angle spectroscopic ellipsometry, was found to scale with the layer thickness and the Sn concentration, but not to the extent of strain relaxation. In addition, x-ray rocking curve peak broadening was found not to trend with strain relaxation. The optical response of the Ge 1Àx Sn x alloys was measured by spectroscopic ellipsometry. With increasing Sn content, the E 1 and E 1 þ D 1 critical points shifted to lower energies, and closely matched the deformation potential theory calculations for both pseudomorphic and relaxed Ge 1Àx Sn x layers. The dielectric functions of the high Sn and strain relaxed material were similar to bulk germanium, but with slightly lower energies.
I. INTRODUCTION
Semiconducting Ge 1Àx Sn x alloys have been under active investigation for creating direct-bandgap CMOS compatible optical devices. 1 Recent experimental results have shown promising detectors 2 and emitters 3, 4 with Sn concentrations up to 12.6%. 5 With the growing interest in group-IV photonics for telecommunications and infrared imaging, 1,6,7 the ability to reliably produce silicon-compatible optoelectronic materials using Ge 1Àx Sn x is an important area of ongoing research.
The large (14.7%) lattice mismatch between cubic a-Sn (6.489 Å ) and Ge (5.658 Å ) results in a Ge 1Àx Sn x alloy with a bulk (relaxed) lattice parameter determined by Vegard's law. 8 On a germanium substrate, the alloy strain increases with Sn content, which inevitably leads to a critical thickness above which the pseudomorphic Ge 1Àx Sn x relaxes strain through mechanisms that may include the formation of misfit dislocations and Sn precipitation. In addition, the higher Sn contents reduce the thermal stability of the alloy, promoting relaxation and composition segregation 9 at progressively lower process temperatures. Multiple theoretical models have predicted Ge 1Àx Sn x alloys to transition to a direct bandgap material at Sn compositions above about 6%, 10 and with experimental evidence of a shift to direct bandgap at 6%-8%. 11, 12 More recent theories, however, suggest that pseudomorphic Ge 1Àx Sn x that is compressively strained to Ge remains indirect in bandgap for any composition, and only through relaxation will the Ge 1Àx Sn x become direct at Sn concentrations as low as 6% Sn, depending on the amount of relaxation. 13, 14 Unfortunately, the low thermal stability of Ge 1Àx Sn x makes the standard method of thermal annealing to reduce defects introduced from strain relaxation difficult. 15 Therefore, in order to produce direct bandgap Ge 1Àx Sn x for optical applications, it will be necessary to grow relaxed layers of high quality material with minimal thermal processing. In this paper, we experimentally investigate the properties of both strained and partially relaxed Ge 1Àx Sn x layers with up to 18.5% Sn to determine the effects of relaxation on material and optical properties.
II. PREPARATION AND GROWTH
The Ge 1Àx Sn x alloys were grown using a multichamber EPI model 620 molecular beam epitaxy (MBE) system utilizing solid source Knudsen thermal effusion cells. The cells were loaded with triple zone-refined Ge and Sn (6N, United Mineral and Chemical Corporation) in pyrolytic boron nitride crucibles as described elsewhere. 7, 8 The growth chamber is pumped with both a closed loop cryopump system (CTI Cryogenics CT-8F, 4000 l/s) and a Varian (400 l/s) ion pump, which take the MBE growth chamber to a base pressure of 1.3 Â 10 À8 Pa (10 À10 Torr). The substrates used for this study were single-side polished 76.2 mm diameter undoped (001) oriented germanium substrates with a resistivity of 40 X cm. Because the native oxide of germanium does not sufficiently passivate the wafer surface, extreme care must be taken when cleaning the substrates to mitigate contamination, optimize material quality, and to remove the unwanted surface GeO prior to growth. The Ge substrate cleaning procedure is based on that outlined in Hovis et al. 16 The wafers were first rinsed in running deionized (DI) water (18.23 MX cm), then submerged in dilute hydrofluoric acid HF:H 2 O (1:20) for 5 min. They were again rinsed in DI water and placed in HCl:H 2 O (1:4) a) Electronic mail: rhickey@udel.edu for 1 min to remove any remaining surface oxide. Next the wafers were dipped in H 2 O 2 for 30 s then HCl:H 2 O (1:4) for 1 min, repeating these last two steps so that they were performed three times in total. This process iteratively oxidizes and strips the wafer surface, removing surface contaminants in the process. Immediately following the last acid step, the wafers were placed in a solution of NH 4 OH:H 2 O 2 :H 2 O (1:2:20) for 20 s to form a final protective oxide (GeO 2 ) layer. The wafers were removed from the final solution and quickly blown dry with high-purity nitrogen, and moved into the MBE introduction chamber within 30 s. This wafer cleaning technique was tested by growing a 100 nm thick Ge layer on a Ge wafer cleaned using the above procedure, after which atomic force microscopy (AFM) and secondary ion mass spectrometry (SIMS) were used to characterize the layer. The SIMS showed low interfacial C and O doses, and the RMS surface roughness was found to be just 63 pm.
After about 45 min when the load lock pressure reached 5.5 Â 10 À6 Pa, the wafers were transferred to a preparation chamber, and heated to 450 C overnight, followed by a 1-h bake at 650 C. The wafers were then transferred to the growth chamber and flashed to 850 C for 10 min to remove the surface oxide before being cooled to growth temperature. This last step was found necessary to produce a flat surface morphology and to prevent Sn segregation. The substrate growth temperature varied depending on the Sn content of the Ge 1Àx Sn x layer to be grown. For the reported samples A through D (less than 15% Sn) reported here, the substrate temperature was 150 C (measured by a thermocouple behind the substrate), while samples E and F (higher Sn) were grown at 120 C. In order to grow samples G and H (Sn contents above 18%), the substrate heater was turned off and the wafer was allowed to cool to 90 C, at which point the effusion cell shutters were opened. Radiative heating from the Ge and Sn sources slowly increased the substrate temperature to approximately 115 C over the course of 30 min, after which the temperature remained stable for the remainder of the growth. This relatively low temperature at the beginning of the growth was found to help mitigate possible Sn segregation.
III. ANALYSIS A. X-ray diffraction
Crystallographic data were collected via high resolution x-ray diffraction using a Philips/Panalytical X'Pert MRD system. The incident beam path consists of a multilayer parabolic mirror for focusing the beam, and a Bartels Ge (220) four-crystal monochromator to isolate the Cu K a1 x-ray line (k ¼ 1.54056Å ). This configuration provided a collimated beam with a divergence of 12 arc sec incident on the sample, which is mounted on a triple axis goniometer. The diffracted beam then traveled to a three-crystal Ge analyzer using (220) plane reflections to isolate the coherent component of the diffracted beam before reaching the detector. The thickness of the strained Ge 1Àx Sn x layers was extracted from the Pendell€ osung interference fringes from symmetric (004) rocking curve (x-2h) scans, while the thickness of the relaxed layers was inferred from the calibrated MBE growth rate and from Rutherford backscattering spectrometry (RBS) data. Asymmetric (224) triple-crystal reciprocal space measurements (RSMs) showed the out-of plane ([001] direction) Q ? , and the in-plane (110) Q k reciprocal lattice vectors for the Ge 1Àx Sn x samples. The RSM plots in Fig. 1 show the diffraction contours of the Ge 1Àx Sn x layers (lower contour peak in each plot) relative to the diffraction peak of the substrate (upper contour peak).
The separation in both Q k and Q ? between these two peaks represents the relative lattice mismatch, which were extracted from the RSMs using a semiautomatic peak search with PANALYTICAL software. The ratio of the reciprocal lattice vectors can be used to find the Ge 1Àx Sn x lattice constants
where a ?GeSn is the lattice constant of the GeSn in the growth direction (out of plane), a jjGeSn is the lattice constant in the substrate plane, and a Ge is the lattice constant of the substrate. In order to properly account for tetragonal distortion of the Ge 1Àx Sn x layers, the elastic constants of Ge (C 11 ¼ 126 GPa, C 12 ¼ 44 GPa) 18 and cubic Sn (C 11 ¼ 72.5 GPa, C 12 ¼ 29.7 GPa) 8 were used to calculate the respective [100] Poisson's ratios t ¼ C 12 = ðC 11 þ C 12 Þ, resulting in a t Ge of 0.26 and a t Sn of 0.29. The Ge 1Àx Sn x Poisson's ratio was interpolated from the composition estimated from growth conditions to calculate the respective [100] Poisson's ratios of the Ge 1Àx Sn x alloy. 19 Using the component lattice constants from Eqs. (1) and (2) and the interpolated Poisson's ratio, the bulk lattice constant of relaxed Ge 1Àx Sn x can be calculated
The lattice constants of Ge 1Àx Sn x from Eqs. (1), (2), and (3) can now be used to find the strain tensor of the Ge 1Àx Sn x alloy layer
where e ? and e k are the out-of-plane and in-plane strain, respectively, as shown in Table I . The lattice constants can also be used to calculate the relaxation R GeSn ¼ ða kGeSn À a Ge Þ= ða 0GeSn À a Ge Þ of the Ge 1Àx Sn x layer. 17, 21 The broadened elliptical shape of some of the Ge 1Àx Sn x contour peaks in Fig. 1 was a result of relaxation, which increases the in-plane lattice constant, causing Q k to decrease. 22 The Sn concentration x ¼ ða 0GeSn À a Ge Þ=ða Sn À a Ge Þ was determined from the GeSn bulk lattice constant using Vegard's law. The accuracy of using the linear interpolation for alloy concentration has previously been investigated, and the bowing parameter for the alloy lattice constant was very small (under 10 À3 nm), and contributed to a compositional variation of less than 0.1% for the alloys in this series. 8, 23, 24 Channeling RBS was performed on sample G (18.5% Sn), which verified the accuracy of these composition calculations. In addition, the RBS channeled backscattered yield ratios (not plotted here) of v min;Ge ¼ 0.26 and v min;Sn ¼ 0.24, showed that over 95% of the Sn was substitutional in the lattice, as described previously. 8 Symmetric triple-crystal x x-ray rocking curves aligned to the Ge 1Àx Sn x layer peak were performed to calculate the full width at half maximum (FWHM) (see Table I ), measured in arc seconds. The width of this peak is affected by a number of parameters, including layer thickness, defectivity, mosaic tilt, and surface roughness. Figure 2 is a plot of the FWHM against relaxation, roughness, and thickness, which shows no correlation between the FWHM and relaxation, but a definite correlation with roughness and thickness as will be discussed in Sec. IV.
B. Atomic force microscopy AFM measurements were performed using a Bruker MultiMode 8 instrument with a Veeco NanoScope V controller. Prior to measurements, the system was calibrated using a Digital Instruments AFM reference standard. The RMS roughness (see Table I ) was calculated across 3 Â 3 lm area scans. Scans were repeated on multiple areas of a given sample, which verified uniformity across the sample. The AFM TABLE I. List of materials parameters for the eight GeSn samples in this series. The Sn concentration, relaxation, in and out of plane strain, thickness and FWHM of the (004) XRD peak were calculated from XRD as described in the text. The RMS roughness was determined via AFM scans over a 3 Â 3 lm surface region. The spectroscopic ellipsometry (VASE) roughness was a calculated from a peak-to-valley surface layer model, which included the thickness of a native oxide layer. scans for samples A, B, G, and H are shown in Fig. 3 . The AFM images revealed a periodic surface roughness, with a lateral correlation length of approximately 50-90 nm. The effects of composition, thickness, and strain on roughness will be discussed in Sec. IV.
C. Spectroscopic ellipsometry
The optical response of the Ge 1Àx Sn x alloys was characterized using variable angle spectroscopic ellipsometry (VASE). 25 The ellipsometric angles, w and D, were acquired from 0.7 to 6.6 eV photon energies with 0.01 eV steps at three angles of incidence (65 , 70 , 75 ), on a J.A. Woollam V-VASE spectroscopic ellipsometer, utilizing a computercontrolled Berek waveplate compensator and a rotating variable-angle analyzer. 26 To reduce experimental errors, all data were obtained by averaging two measurements with equal and opposite polarizer angles. The dielectric functions of the Ge 1Àx Sn x on Ge were obtained by modeling the ellipsometry data. A multilayer model including GeO 2 /Ge 1Àx Sn x / Ge was used for accurate treatment of the experimental data. The dielectric functions for the GeO 2 and Ge were used in tabulated form from published data. 27, 28 The dielectric functions of Ge 1Àx Sn x were described using a parametric oscillator model 29 that imposes Kramers-Kronig consistency between the real and imaginary parts. In the first step of the model fitting, the layer thicknesses and the parametric oscillator parameters for the dielectric function of Ge 1Àx Sn x were all treated as adjustable and varied until good agreement with the measured ellipsometric angles is achieved. In the second fitting step, the values obtained for the thicknesses were kept fixed as determined in the first step, and the ellipsometric angles were fitted again by taking the values of the dielectric function of Ge 1Àx Sn x at each measured photon energy as adjustable parameters. The dielectric function obtained from this point-by-point fit is shown in Fig. 4 for alloys with different Sn contents. We confirmed that it was still Kramers-Kronig consistent. Note the red-shift of critical point energies with increasing Sn contents.
Additionally, analyzing the second derivatives can more accurately indicate the contribution of the critical points to the dielectric function. The real and imaginary parts of the tabulated dielectric function obtained by this point-by-point fitting were numerically differentiated and smoothed using ten Savitzky-Golay coefficients for second-order derivatives with a polynomial of degree three, to obtain a good signal to noise ratio without distorting the line shape. 30 The secondorder derivative spectra of the dielectric function was fitted using an expression for a two dimensional (2D) critical point Table I ) determined from ellipsometry with bulk Ge for reference. The dielectric functions were determined by fitting the measured ellipsometric angles using a four-phase ambient-GeO 2 -Ge 1Àx Sn x -Ge model. assuming parabolic bands and constant dipole matrix elements. 31 The second derivative spectrum of sample F with the best fit of a 2D critical point is shown in Fig. 5 . Both E1 and E1 þ D1 structures were fitted simultaneously, and the excitonic phase angle h, allowing for a mixture of critical points in a conventional manner, was forced to take the same value for both the E1 and E1 þ D1 critical points. 31 
IV. DISCUSSION
The measurement data from Table I show that the extent of relaxation and the surface roughness of the Ge 1Àx Sn x films both increase with layer thickness as well as with the Sn concentration, as would be expected from calculations of critical thickness versus lattice mismatch. 32 The peak-tovalley roughness modeled by VASE, although larger than the AFM roughness because the VASE model includes the thickness of the surface oxide layer, 33 follows the same trends as the roughness calculated from AFM. Similar periodic roughness has previously been reported for Ge 1Àx Sn x alloy layers grown by MBE. [34] [35] [36] [37] The periodic roughness at the epitaxial surface is believed to be an effect of straininduced lattice buckling caused by local gradients in the surface energy as reported by Gurdal et al. 34 Similar surface deformation caused by strain-induced kinetic roughening is also widely reported for other alloys such as pseudomorphic silicon germanium (Si 1Àx Ge x ) strained to silicon. [38] [39] [40] Lin et al. reported comparable strain-induced surface roughness on unintentionally tensile-strained Ge 1Àx Sn x . 36 These results suggest that the roughening is moderated by a strain field that is proportional to both the lattice-mismatch and the layer thickness. There could also be a contribution from statistical growth kinetics, where the low growth temperatures reduce the atomic mobility and hinder surface flattening.
The FWHMs of the x rocking curves are indicated in Fig.  2 , plotted against relaxation, thickness, and roughness, along with a linear fit for each. The thickness and roughness trend closely with the FWHM, with a R-squared value of 0.90 and 0.94, respectively. The relaxation however has a R-squared value of only 0.003, representing a low correlation between strain and the x x-ray peak broadening. The data presented in Fig. 2(b) show the FWHM increasing with thickness, which agrees with the Hirsch model that correlates the width of the rocking curve (omega scan) to the dislocation density. The Hirsch model suggests a broadening of the rocking curve width, as the dislocation density increases for thicker films due to their increased relaxation. 41, 42 The data presented in Fig. 2 , however, indicate no correlation between relaxation and the x rocking curve width, suggesting that the mechanism of strain relaxation in Ge 1Àx Sn x alloys may not involve dislocations in the same manner as other mismatched heteroepitaxial semiconductors. A likely cause of the x peak broadening is surface roughness, as the straininduced deformation of the lattice at the surface can cause atypical reflections that would contribute to the observed width of the peak. 43 The complex dielectric functions of samples B, D, and H in Fig. 4 show features similar to bulk Ge, indicating a diamond crystal structure composed of tetrahedrally coordinated atoms 25 and that the Ge 1Àx Sn x epilayers are high quality, even at the high Sn compositions and high degrees of relaxation obtained here. As the Sn concentration increases, the red shifting of the dielectric function along with the broadened of critical points (with respect to bulk Ge) as the Sn concentration increases are a result of the alloying and the strain effects of Sn on the Ge energy band structure.
The compositional dependence of the E 1 critical points is plotted in Fig. 6 from both VASE [as determined by secondorder derivative analysis (DA)] and XRD [predicted from deformation potential theory (DPT) calculations], along with the DPT predictions for both fully strained and relaxed (dashed and solid lines, respectively) Ge 1Àx Sn x . 44, 45 As the strain relaxation measured from XRD is incorporated into the DPT predictions of the E 1 critical point energy, the measured values of E 1 from VASE can be used as a comparative measure of relaxation between the two measurement techniques. The experimental and theoretical data are in overall good agreement, except for sample A (10% Sn) which has a larger difference in energy between the XRD and VASE derived values. The discrepancy could be related to the larger critical thickness of sample A (due to the relatively low Sn content of 10%), where the lattice deformations due to increasing strain cause the Ge 1Àx Sn x to relax kinetically at the surface, 46 as opposed to the established Matthews and Blakeslee model of equilibrium relaxation in which mismatched layers are assumed to relax predominantly from the epitaxial interface. 47 In this kinetic relaxation model, the misfit dislocations would nucleate throughout the thickness of the layer instead of only at the substrate interface, creating a strain gradient proportional to the amount of lattice mismatch. The effect of this strain gradient would likely be most pronounced in the low Sn alloys, as the larger critical thicknesses would yield layers that have thicker pseudomorphic regions. 32, 48, 49 As the light from the ellipsometry measurement has a penetration depth of a just a few tens of nanometers (based on the absorption coefficient from the imaginary part of the dielectric function from VASE) for the material measured, only the strain relaxation near the surface of the film is being analyzed during VASE. In contrast, HR-XRD is a relatively bulk measurement of the layer, which accounts for the strain throughout the entire thickness of the layer. Therefore, it is reasonable that the thicker sample A, with higher relaxation at its surface, showed a lower critical point energy than predicted from XRD that measures a reduced relaxation by averaging throughout the layer thickness. Figure 7 compares the real and imaginary parts of the dielectric function of two samples (C and D) with the same Sn composition but different (8% and 61%) relaxations. There was a slight red shift in energy for the relaxed sample, in good agreement with DPT modeling. The similarity of the features indicated that both the strained and relaxed samples have similar optical response, with a slight red-shift for the relaxed layer, but that the strain relaxation mechanism does not affect the overall quality of the material, which is an important finding for device applications.
V. CONCLUSION
We have demonstrated the growth of both pseudomorphic and relaxed Ge 1Àx Sn x alloy layers on Ge substrates via solid source MBE, with optimized wafer preparation and growth conditions, for a range of thicknesses and Sn compositions up to 18.5%. RBS measurements showed very high (>95%) Sn substitutionality, with composition that was in good agreement with that calculated from HR-XRD. The widths of the XRD rocking curves did not increase as a function of strain relaxation, indicating that the Ge 1Àx Sn x alloys may have a relaxation mechanism that differs from the dislocation creation that was reported for other common heteroepitaxial semiconductors. AFM was used to characterize the RMS surface roughness of the Ge 1Àx Sn x , which was found to increase with thickness, likely as a result of strain-induced buckling of the lattice at the growth surface. The optical response of the samples was measured by spectroscopic ellipsometry and indicated a red shift in critical point energies with increasing Sn content (about 20 meV/% Sn) as well as with strain relaxation, in good agreement with theory. The ellipsometric measurements also showed that the dielectric functions of the Ge 1Àx Sn x alloys were qualitatively similar to bulk Ge, suggesting that the high Sn contents and strain relaxation is not significantly reducing the crystal quality of the material. All of the characterizations reported here suggest that the relaxation mechanisms did not significantly degrade the morphology and optical constants of the relaxed Ge 1Àx Sn x alloy layers compared with the strained layers. These results suggest that relaxed, high Sn Ge 1Àx Sn x alloy layers can be grown by the MBE method to retain much of the crystal quality of the pseudomorphic, lower Sn content alloy layers, which is a promising finding for the development of devices based on strain-engineered direct bandgap Ge 1Àx Sn x . Circles represent the measured E 1 energies determined from second-order DA of the ellipsometry spectral data, with a statistical error on the order of 1 meV. Squares represent the calculated E 1 energies expected from DPT for each sample taking into account the Sn content and the degree of relaxation determined from asymmetric x-ray reciprocal space maps. The inset shows the measured E 1 energy of bulk Ge (2.116 eV), where the theoretical lines for strained and relaxed Ge 1Àx Sn x converge. For some samples, the measured E 1 energy (circles) is lower than the calculated energy (squares), indicating that the degree of relaxation might be larger near the sample surface. The observed red shift is about 20 meV/% Sn. 
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